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ABSTRACT: Arsenic binding by sulfhydryl groups of natural organic matter
(NOM) was recently identified as an important As sequestration pathway in
the naturally As-enriched minerotrophic peatland Gola di Lago, Switzerland.
Here, we explore the microscale distribution, elemental correlations, and
chemical speciation of As in the Gola di Lago peat. Thin sections of
undisturbed peat samples from 0−37 cm and 200−249 cm depth were
analyzed by synchrotron microfocused X-ray fluorescence (μ-XRF) spectrom-
etry and X-ray absorption spectroscopy (μ-XAS). Additionally, peat samples
were studied by bulk As, Fe, and S K-edge XAS. Micro-XRF analyses showed
that As in the near-surface peat was mainly concentrated in 10−50 μm sized
hotspots, identified by μ-XAS as realgar (α-As4S4). In the deep peat layer
samples, however, As was more diffusely distributed and mostly associated
with particulate NOM of varying decomposition stages. The NOM-associated
As was present as trivalent As bound by sulfhydryl groups. Arsenopyrite
(FeAsS) and arsenian pyrite (FeAsxS2−x) of <25 μm size, which have escaped
detection by bulk As and Fe K-edge XAS, were found as minor As species in
the peat. Bulk S K-edge XAS revealed that the deep peat layers were significantly enriched in reduced organic S species. Our
findings suggest an authigenic formation of realgar and arsenopyrite in strongly reducing microenvironments of the peat and
indicate that As(III)−NOM complexes are formed by the passive sorption of As(III) to NOM. This reaction appears to be
favored by a combination of abundant reduced organic S and comparatively low As solution concentrations preventing the
formation of secondary As-bearing sulfides.

■ INTRODUCTION

Wetland soils are sensitive ecosystems that play an important
role in the storage, transformation, and mobilization of
nutrients and contaminants. Besides natural sources, anthro-
pogenic emissions from mining and smelting, fossil fuel
combustion and agriculture have led to the accumulation of
toxic trace elements like As in a number of wetland soils and
peaty sediments which may pose a continuing risk for surface
and groundwater quality as well as ecosystem health.1−4

Arsenic is a redox-sensitive element whose toxicity and fate in
the environment strongly depends on its oxidation state and
speciation.5 Inorganic As commonly comprises arsenate, As(V),
in oxic, and the more toxic arsenite, As(III), in anoxic
environments low in S.5 In aerated soils and sediments,
As(V) has a strong affinity toward mineral surfaces, rendering it
comparatively immobile.5−8 In O2 depleted soils and sediments,
microbial decomposition of natural organic matter (NOM)
drives the reductive dissolution of metal-(hydr)oxides and thus
the release of associated As(V) and its redox transformation
into As(III).9,10 The released As(III) may subsequently be

immobilized by Fe sulfides11,12 or mixed valence metal-
(hydr)oxides,13,14 or precipitate as As sulfide.2,15,16 In addition,
several studies provided indirect evidence for an association of
As with NOM under reducing conditions,1,9,17−19 but
spectroscopic assessments of the governing binding mecha-
nisms and their environmental relevance are still scarce. In a
recent bulk X-ray absorption spectroscopy (XAS) study on the
solid-phase speciation of As in a naturally As-enriched (≤1800
mg As kg−1), slightly acidic minerotrophic peatland (Gola di
Lago, Switzerland), we observed that in deep peat layers (150−
250 cm) As was predominantly sequestered by NOM in its
trivalent oxidation state (“As(III)−NOM complexes”). Shell-fit
analyses of As K-edge extended X-ray absorption fine structure
(EXAFS) spectra of these samples revealed S coordination
numbers of 2−3 and interatomic As−S distances of 2.26 Å,
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values typical of inner-sphere As(III) complexes with sulfhydryl
groups.20 In contrast to the deep peat layers, near-surface peat
samples (0−41 cm) showed a variety of As species, including
realgar (α-As4S4), As(III/V) sorbed to Fe(III)-(hydr)oxides,
and As(III)−NOM complexes. These two contrasting As
speciation patterns suggest fundamental differences in the
distribution of As within the peat. While bulk As K-edge XAS
analyses yield information about the average coordination
environment of As, they do not provide information on its
spatial distribution, elemental correlations, and chemical
speciation at the microscale. Bulk XAS analyses may also fail
to detect minor As species having a potentially high
geochemical activity. Here, we employed microfocused X-ray
fluorescence (μ-XRF) spectrometry in combination with
microfocused XAS (μ-XAS) to investigate the spatial
distribution, elemental correlations, and speciation of As in
the Gola di Lago peatland. These techniques have previously
been used to investigate the distribution and to some extent the
speciation of As in plant roots as well as As-rich soils and
sediments.12,21−25 Hitherto, spatially resolved information on
As distribution and speciation in NOM-dominated soils and
sediments subject to permanent or periodic water-logging is
currently not available but may provide new insights into
geochemical conditions favoring particular As sequestration
pathways.
The overall goal of this study was thus to provide the first

information on the microscale distribution and speciation of As
in a NOM-rich soil environment characterized by substantial
differences in As speciation. More specifically, we used μ-XRF

spectrometry and μ-XAS (i) to investigate the size and
distribution of As sulfide minerals in the uppermost peat layers
of the Gola di Lago site, (ii) to assess the distribution pattern of
As(III)−NOM complexes in the deep peat layers, and (iii) to
identify minor As species.

■ MATERIALS AND METHODS
Field Site and Sampling. In a preceding study, we

sampled peat cores at locations B1−8 close to an As-rich
intermittent stream of the minerotrophic peatland Gola di Lago
(canton Ticino, Switzerland) and analyzed the solid-phase
speciation of As and Fe by bulk XAS.20 In September 2009, we
collected two additional peat cores less than 25 cm away from
each of the initial sampling locations B1, B3, and B5.20 These
two peat cores are labeled “I” and “II” in the following.
Undisturbed peat material was sampled in ∼25 cm intervals
using Kubiena boxes made of bladed Al (8 cm × 6 cm × 5 cm).
The boxes and all samples used for bulk speciation measure-
ments of S were instantly shock-frozen in liquid N2, transported
on dry ice to the laboratory, and processed in an anoxic
glovebox (O2 <10 ppm). Additional material of each peat
sample was used for general sample characterization as
described in ref 20. Redox potential, pH, and electrical
conductivity of the field-moist, mostly water-saturated peat
samples were immediately measured on-site.

Sample Preparation and Synchrotron Measurements.
On the basis of the elemental composition and previous results
from bulk As and Fe XAS analyses,20 four samples were
selected for the preparation of thin sections as well as for bulk

Figure 1. (a) Distribution of As, Fe, and S in peat cores B3II (top left), B5II (bottom left), and B1II (right). Concentrations are given on a dry-
weight basis. Gray-shaded boxes (1−4) indicate the depth intervals from which samples were taken for bulk and microspectroscopic analyses. (b)
Bulk As and Fe K-edge EXAFS spectra (lines) and corresponding best model fits (symbols) are shown for each depth interval with the As K-edge
EXAFS plotted on top of the respective Fe K-edge EXAFS. The numbers in the upper right corner of each box correspond with those in the gray-
shaded boxes in (a). The horizontal bars display the percent fraction of each reference compound fitted in the LCF analysis. The concentrations of
As, Fe, and S are summarized in Table S1, Supporting Information, and the bulk speciation results for As and Fe are reported in Tables S2 and S3,
Supporting Information.
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XAS and synchrotron X-ray diffraction (SXRD) measurements
from peat cores B1II (200−224 and 225−249 cm), B3II (25−
37 cm), and B5II (0−24 cm) (Figure 1). For the sake of clarity,
the sample notation will be confined to core label and mean
sampling depth in centimeters, for example, B1II-212 or B3II-
31. The four Kubiena boxes were freeze-dried and immediately
transferred in Ar atmosphere into an anoxic glovebox, where
they were impregnated with epoxy resin (Epotek 301-2FL,
Epoxy Technology Inc., USA). Sections of 1 mm thickness
were then cut using a diamond saw, mounted on As-free silica
glass slides, and polished down to a thickness of 30 μm under
exclusion of O2 (Spectrum Petrographics Inc., USA). A
subsample of each Kubiena box was prepared for bulk As and
Fe XAS and SXRD analyses. The sample preparation for XAS
analyses was identical to that described in ref 20. For SXRD
measurements, homogenized peat material was filled into 1 mm
o.d. borosilicate glass capillaries. Peat samples used for S K-edge
XAS analysis were prepared in the same manner as those used
for As and Fe XAS analyses, except that the samples were
diluted to a concentration of 1800 mg S kg−1 using BN in order
to reduce overabsorption effects26 and pressed into 1.3 cm
pellets.
Bulk As K-edge (11867 eV), Fe K-edge (7112 eV), and S K-

edge (2472 eV) XAS spectra were collected in fluorescence
mode at beamlines 11−2 (As), 4−1 (Fe), and 4−3 (S) of the
Stanford Synchrotron Radiation Lightsource (SSRL, SLAC
National Accelerator Laboratory, Menlo Park, USA). The thin
sections were analyzed by μ-XRF spectrometry and μ-XAS at
beamline 10.3.2 of the Advanced Light Source (ALS, Berkeley,
USA) after identification of representative regions using plane-
and cross-polarized light microscopy (Zeiss Axioskop 40
microscope). The mineralogy of the peat samples was
investigated by SXRD. These measurements were conducted
at the powder diffraction station of the Material Sciences (MS-
Powder) beamline at the Swiss Light Source (SLS, Villingen,
Switzerland). Details about all experimental setups, measure-
ment conditions, and data evaluations can be found in the
Supporting Information.

■ RESULTS

Peat Characterization. For the investigation of the
microscale distribution and speciation of As in the Gola di
Lago peatland, three sampling locations characterized by two
different As speciation patterns were selected. At locations B3
and B5, As was enriched in the top 41 cm and mainly present as
realgar and As(III/V) sorbed to Fe(III)-(hydr)oxides. At
location B1, however, As was concentrated at 150−200 cm
depth and entirely sequestered as trivalent As by organic S.20

The field-moist peat sampled in September 2009 and used for
this study (cores B1I/II, B3I/II, and B5I/II) was slightly acidic
(pH 5.7 ± 0.5). The redox potential, Eh, ranged from −11 to
364 mV, and the mean ionic strength estimated from electrical
conductivity values27 was 9 × 10−4 M (n = 54). Arsenic, Fe, and
S concentrations in the “II” peat cores are displayed in Figure 1
and summarized together with those of other major elements in
Table S1, Supporting Information. Except for core B5II, the As-
enriched zones in peat cores B1II (175−249 cm) and B3II (0−
37 cm) were located at approximately the same depths as those
of the initial peat cores B1 and B3 collected in March 2009.20

The concentration maxima of As in the “II” peat cores (331−
580 mg As kg−1), however, were up to five times lower
compared to the initial peat cores (469−1800 mg As kg−1),

emphasizing the high spatial variability of As at the decimeter
scale.
Synchrotron XRD patterns of peat samples used for μ-XRF

and μ-XAS analyses (Figure 1), which are displayed in Figure
S1, Supporting Information, confirmed the presence of primary
minerals in the near-surface peat samples B3II-31 and B5II-12,
including quartz, phyllosilicates (biotite, muscovite, chlorite),
and plagioclase (albite, oligoclase, anorthite). The deep peat
layer samples of core B1II showed Bragg peaks belonging to
quartz, muscovite, plagioclase (albite, oligoclase), and pyrite.
Mineral-phase assemblages in the thin sections studied by μ-
XRF spectrometry and μ-XAS were also investigated by light
microscopy. These analyses revealed considerable amounts of
mineral phases embedded in the organic matrix of the near-
surface peat sample B3II-31, which included single particles
(∼100−500 μm) of plagioclase, quartz, mica-group minerals
(biotite, muscovite), some epidote, and chlorite, as well as
altered rock fragments of mainly gneiss (∼1−3 mm) (Figure
S2, Supporting Information). In contrast, mineral phases were
less abundant in the two thin sections of the deep peat layer
samples B1II-212 and B1II-237, and only comprised quartz and
mica particles (∼10−50 μm) (Figures S2 and S3, Supporting
Information). Using cross-polarized light,28 however, we
detected fine-grained, reddish-brown colored secondary Fe-
(hydr)oxides in all thin sections, partially infilling pores or
coating mineral surfaces (Figure S3, Supporting Information).

Bulk XAS Analyses. Bulk As and Fe K-edge EXAFS spectra
of all four peat samples used to prepare the thin sections are
illustrated in Figure 1 along with the corresponding linear
combination fits (LCF). The LCF results for As and Fe, shown
as horizontal bars in Figure 1, are compiled in Tables S2 and
S3, Supporting Information. In the near-surface peat layer
samples B3II-31 and B5II-12, the major As species comprised
realgar (43−71%) and As(III) (20−36%) as well as As(V) (9−
21%) sorbed to Fe(III)-(hydr)oxides. In contrast, As(III)−
NOM complexes completely dominated the As speciation in
the deep-peat layer samples B1II-212 and B1II-237, in
agreement with our earlier findings.20 The presence of
pararealgar, a polymorph of realgar, in the near-surface peat
samples can be excluded since its local As coordination (e.g.,
rAs−As = 2.48−2.53 vs. 2.57 Å)29−31 and hence As K-edge
EXAFS differs from that of realgar (not shown). Other
modifications of realgar (β-As4S4 and As4S4(II)) can also be
dismissed since they do not form in low pressure/low
temperature environments.31−33 Note also that orpiment
(As2S3) was not detected in any peat sample.
The LCF results of the bulk Fe K-edge EXAFS spectra

revealed that the major Fe species in the near-surface peat layer
samples included Fe(III)-(hydr)oxides (19−41%), phyllosili-
cates (44−59%), and Fe(III)−NOM complexes (0−37%). Iron
in the deep peat layer samples was predominantly present as
Fe(III)−NOM complexes (35−75%) and pyrite (25−36%),
whereas Fe(III)-(hydr)oxides (0−11%) and phyllosilicates (0−
18%) were much less abundant (Figure 1, Table S3, Supporting
Information). These findings are in general agreement with our
SXRD, light microscopy, and As speciation results (Figures
S1−3 and Table S2, Supporting Information).
The differences in As and Fe speciation observed for the

near-surface and deep peat layer samples (Figure 1) suggest
important differences in the bulk S speciation as a function of
depth. For this reason, we also studied the speciation of S in
peat material originating from peat cores B1I, B3I, and B5I.
These samples were taken from similar depths as those of the
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“II” peat cores and also had similar S contents (Table S4,
Supporting Information). Figure 2 shows the S K-edge XANES
spectra of peat samples B3I-18, B5I-12, and B1I-196, as well as
their spectral deconvolution based on Gaussians representing
resonance peaks of the main S functionalities.34 All peat
samples showed two distinct resonance-peak ranges. The first
peak range from 2471 to 2475 eV includes “reduced S” species
(inorganic sulfide and organic exocyclic/heterocyclic S), and
the second peak ranging from 2481 to 2483 eV represents
“oxidized S” species (sulfonate and sulfate). “Intermediate
oxidized S” species (sulfoxide, sulfite, and sulfone) with
resonance peaks located between 2476 and 2480 eV were
generally of less quantitative importance (Tables S4 and S5,
Supporting Information).
Both “oxidized” and “intermediate oxidized” S species were

more abundant in the near-surface peat samples B3I-18 and
B5I-12 compared to the deep peat layer sample B1I-196
(Figure 2, Table S4, Supporting Information). However, the
fitted fractions of sulfoxide, sulfite, and sulfone S as part of the
“intermediate oxidized S” are presumably overestimated in all
samples, since the energy range of 2476−2480 eV is
significantly affected by postedge absorption features of reduced
organic S species as well as the first arctangent function.35 Due
to their low quantitative importance and in order to obtain a
generally reasonable fit quality, these “intermediate oxidized S”
species were nonetheless included in our fitting procedure.

With 80−92% of total S, “reduced S” was the dominant S
form in all peat samples (Table S4, Supporting Information).
Inorganic sulfide S only comprised 9−16% of the “reduced S”
pool. A significant attenuation of the inorganic sulfide signal
due to the limited X-ray penetration depth at the S K-edge36

can be ruled out because the pyrites observed in the Gola di
Lago peat were smaller than one absorption length calculated
for pyrite at 2.5 keV.20 Thus, according to the white-line
positions,34,35,37 the majority of S can be attributed to reduced
organic S species (64−83%), which falls at the high end of
reduced organic S in peatlands (14−87%).35,38−42 Even though
the relative amount of reduced organic S in the near-surface
and deep peat layer samples was comparable, the deep peat
layer sample contained 2−7 times more S. Thus, its reduced
organic S pool significantly exceeded that of the shallow peat
layer samples.

μ-XRF and μ-XAS Analyses. Elemental mapping by μ-XRF
spectrometry was employed to investigate the distribution of As
and its correlations with other elements, notably Fe and S. On
the basis of the elemental associations of As, μ-XAS analysis
was used to identify major and minor As species at selected
points of interest (POIs). Figure 3 shows coarse and fine
elemental distribution maps of As, Fe, and S obtained from thin
sections of the near-surface peat layer sample B3II-31 and the
deep peat layer sample B1II-237. The distributions of As and
Fe in the near-surface peat sample B5II-12 and the second deep
peat layer sample B1II-212 are additionally depicted in Figure
4. The elemental distribution maps document that the
distribution of As in the near-surface peat samples differed
substantially from that in the deep peat layer samples. Whereas
intense As hotspots of about 10−50 μm size dominated the
near-surface peat samples, As was for the most part more
diffusely distributed in the deep peat layer samples and
associated with plant fibers (Figure 3) and brownish NOM
with a “cauliflower”-like morphology representing more
humified NOM (Figure 4b, Figure S3d−f, Supporting
Information). At the As hotspots found mostly close to the
peat surface, a clear correlation with S was recognized (Figure
S4a−c, Supporting Information). A second As−S correlation,
characterized by lower As/S ratios, was additionally noticed in
the near-surface peat sample B3II-31 and was linked to the
diffuse As distribution in this particular sample (Figure S4d−f,
Supporting Information). For the deep peat layer thin sections,
we also observed two pronounced correlations between As and
S. Whereas the first correlation corresponds to the diffuse
distribution of As, the second is restricted to rare but intense As
hotspots (Figure S4g−l, Supporting Information).
Correlations between As and Fe ranged from strong to

nonexistent (Figure S5, Supporting Information). The most
evident As−Fe correlation was found in a deep peat layer
sample, where Fe-rich As hotspots were particularly enriched in
S, pointing toward arsenopyrite and/or arsenian pyrite (Figure
S4g−i vs. Figure S5g−i, Supporting Information). In contrast,
Fe correlated well with Mn in all samples, particularly in the
near-surface peat samples (Figure S6, Supporting Information).
Here, a significant portion of Fe and Mn was associated with Si-
poor secondary Fe-(hydr)oxides identified by light microscopy
(Figures S3 and S7, Supporting Information).
The speciation of As was studied by As K-edge μ-XAS at

selected POIs indicated in each fine map shown in Figures 3
and 4. Similar POI spectra were averaged in order to increase
the signal-to-noise ratio. The μ-XANES spectra and their LCFs
are illustrated in Figure 5 along with the k2-weighted μ-EXAFS

Figure 2. Deconvolution of normalized bulk S K-edge XANES spectra
into several Gaussians and two arctangent curves of the near-surface
peat samples (a) B3I-18 and (b) B5I-12, as well as the deep peat layer
sample (c) B1I-196. Data is shown as solid blue lines, fit envelopes as
symbols, fit components as dashed lines, and arctangent functions as
solid black lines. Parameter values and fit results are summarized in
Tables S4 and S5, Supporting Information.
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spectra and their spectral reconstructions based on the LCF
results, which are summarized in Table 1. All analyzed As
hotspots in region 1 of the B3II-31 thin section (Figure 3b)
entirely consisted of realgar. The POIs of region 2 of the B3II-
31 sample (Figure 3c) were well fitted with variable mixtures of
realgar (0−84%), As(III)−NOM complexes (0−44%), and
As(III) (16−44%) as well as As(V) (0−71%) sorbed to
Fe(III)-(hydr)oxides (Table 1). Interestingly, all POIs (4−6, 8)
located on the highly altered gneiss fragment in the region 2
map (Figure 3c, Figure S2, Supporting Information) were
dominated by As(III/V) sorbed to Fe(III)-(hydr)oxides, which
are most likely weathering products of Fe-bearing silicates.
Realgar was not the only As mineral detected in the near-

surface peat samples. Figure 4 shows ∼10 μm sized As hotspots
partially strung along plant fibers in the B5I-12 sample. Micro-

XAS analysis of these spots confirmed the presence of
arsenopyrite (FeAsS) (Table 1).
Arsenic K-edge μ-XAS analysis of the deep peat layer thin

sections of core B1II revealed that trivalent As coordinated to
sulfhydryl groups of NOM (Table 1) constitutes the diffusely
distributed As found either on fibrous plant remains or on more
humified NOM (Figure 3e,f vs. Figure 4b, Figures S2 and S3,
Supporting Information). Besides As(III)−NOM complexes as
dominating As species, several hotspots enriched in As, Fe, and
S with an approximate size of less than 25 μm were readily
discernible in the deep peat layer samples (Figure 3e). While
the whitish spots (rich in As, Fe, and S) indicate the presence of
arsenopyrite, the As μ-XAS spectrum collected at POI1 (Figure
3e) confirmed a mixture of 35% arsenopyrite and 65% arsenian
pyrite (Table 1). Neither of these minerals was accepted as
reference compound in LCF analyses of bulk As and Fe EXAFS
spectra, implying that they were only present in trace amounts.

■ DISCUSSION
The bulk As speciation results (Figure 1) in conjunction with
absent As−Fe correlations related to Fe(III)-(hydr)oxides
(Figure S5, Supporting Information) show that these phases
are of minor importance for the immobilization of As at the
study site, despite that they typically play a crucial role in As
sequestration.5,8 Nonetheless, because they comprise up to 41%
of total Fe, they can be expected to be effective scavengers of As
released upon As sulfide oxidation following a seasonal drop in
the water table.
Our μ-XRF and μ-XAS analyses also document that the two

distinct As enrichment patterns observed in the Gola di Lago
peatland20 are linked to two contrasting microscale As
speciation and distribution patterns. Where As solution
concentrations are high (≤5.4 μM) as in the surface waters
entering the peatland,19 they favor the precipitation of

Figure 3. Tricolor (RGB) μ-XRF maps of the distribution of As, Fe, and S in thin sections of (a−c) the near-surface peat layer sample B3II-31 and
(d−f) the deep peat layer sample B1II-237. (a, d) Overview maps indicating the location of regions 1 and 2 in each thin section. (b, e) Fine maps of
regions 1, and (c, f) fine maps of regions 2. The points of interest (POIs) selected for μ-XAS analysis are shown in each fine map. The color code in
(d) is valid for all panels.

Figure 4. Bicolor (RG) μ-XRF map of the As and Fe distribution in
thin sections of (a) the near-surface peat layer sample B5II-12 and (b)
the deep peat layer sample B1II-212. The points of interest (POIs)
selected for μ-XAS analysis are also shown in each map. The color
code in (a) is valid for both panels.
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micrometer-sized (10−50 μm) As sulfides in shallow peat
layers close to the stream inflow. The in-situ formation of
realgar in low-temperature/low pressure environments has so
far only been observed in a shallow aquifer sediment.43

Reaction path modeling indicated that realgar precipitation is
favored in anoxic circum-neutral pH environments, where the
H2S activity is buffered by the coexistence of Fe sulfides and
Fe(II/III)-(hydr)oxides.43 Under such conditions, As(III) can

be reduced by Fe monosulfides, leading to the formation of
realgar and greigite (Fe3S4):

44,45

+ + ↔ + +

+ Δ = −

+ +

−

3FeS H AsO 3H 1/2Fe S AsS 3/2Fe

3H O G 88.6 kJ mol
3 3 3 4

2

2
0 1

(1)

The Gibbs free energy change of reaction was calculated for
mackinawite (FeS), and all thermodynamic data used for this
and all subsequent reaction equations are tabulated in Table S6,
Supporting Information. Despite that eq 1 is thermodynami-
cally favorable, we did not detect any Fe sulfide phase in the
shallow peat layers by bulk Fe K-edge XAS and μ-XRF analyses
(Table S3, Supporting Information). A similar observation was
reported by O’Day et al.43 These results suggest the
homogeneous precipitation of realgar or, alternatively, that
nanometer-sized Fe sulfides46 necessary for As(III) reduction
(eq 1) were below the analytical detection limits.
The discovery of arsenopyrite in the peat is another

surprising finding because this mineral is unstable under the
redox conditions encountered in the peat (Figure S8,
Supporting Information).47 An intimate association of ∼10
μm sized arsenopyrite particles with fibrous plant material
(Figure 4) hints at an authigenic formation of arsenopyrite,
which so far has only been reported for mining-affected
sediments in a microcosm study.16 According to Bostick and
Fendorf,11 the formation of arsenopyrite can proceed by the
reaction of As(III) with Fe sulfides:

+ ↔ + +

Δ = − −

3FeS H AsO FeS FeAsS Fe(OH)

G 81.3 kJ mol
3 3 2 3

0 1
(2)

+ ↔ + +7FeS 2H AsO 3FeS 2FeAsS 2Fe(OH)2 3 3 4 3 (3)

Here, FeS and FeS2 represent the troilite polymorph and pyrite,
respectively. The reaction products comprise poorly crystalline
Fe(III)-(hydr)oxides as well as pyrite (eq 2) and long chain
polysulfides like Fe tetrasulfide (eq 3). None of the proposed
abiotic formation pathways of arsenopyrite involving Fe sulfides
(eqs 2 and 3) are strictly supported by our data, which suggests
direct biological controls on its formation. Equation 4, which
couples the microbial respiration of organic matter to the
reduction of As(III), may present an alternative arsenopyrite
formation pathway not involving Fe sulfides but Fe(III)-
(hydr)oxides and phyllosilicates like chlorite and biotite as
potential Fe2+ sources:

+ + +

↔ + + +

Δ = −

+

+

−

1/4 lactate Fe H AsO H S

FeAsS 3/4CO (g) 9/4H O 7/4H

G 95.0 kJ mol

2
3 3 2

2 2
0 1

(4)

This reaction would be favored in reducing environments
where the generated acidity is effectively buffered by the
alkalinity produced during bacterial sulfate reduction. The
occurrence of As sulfides in peat samples with “bulk” redox
potentials ≥−11 mV generally highlights the presence of
strongly reducing microenvironments with variable Fe and S
solution concentrations (Figures S8 and S9, Supporting
Information).
In the deep peat layer samples, binding of As(III) by about

three sulfhydryl groups was the major As sequestration
mechanism (Figure 1, Table 1) despite that these samples
contained high amounts of pyrite (≤36% of ≤8.3 g Fe kg−1)
known to be an effective host for As.11,12 A maximum of 5 wt%

Figure 5. (a) Normalized As K-edge μ-XANES and (b) k2-weighted μ-
EXAFS spectra averaging selected POIs of thin sections from peat
cores B1II, B3II, and B5II (Figures 3 and 4). The sample notation
indicates core number, mean sampling depth of the thin section
material in centimeters, and (where applicable) the number of the
mapped region. Experimental data is shown as solid lines, and symbols
represent linear combination fits (LCF) of the μ-XANES spectra and
linear combination reconstructions (LCR) of the μ-EXAFS spectra
based on the LCF results. LCF was performed from −15 to 20 eV (E−
E0). The vertical lines in (a) indicate white-line positions of As(-I),
As(II), As(III), and As(V) reference compounds (from left to right).
The fit results are reported in Table 1.
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As in pyrite48 would correspond to 24−78% of total As in the
deep peat layer samples. This suggests that NOM is effectively
inhibiting the sorption of As(III) to authigenic pyrite19 and the
substitution of As for S in its structure. The uptake of As by
NOM rather than pyrite may be explained by a combination of
fast pyrite precipitation, preventing As substitution reactions,
and a high thermodynamic stability of the As(III)−NOM
complexes. Indeed, the complexation of As(III) by sulfhydryl
ligands in aqueous solution is highly favorable. For example,
Rey et al.49 determined a log K of 29.84 (ΔG0 = −170.2 kJ
mol−1) for the reaction of cysteine (Cys = [C3H5NO2S]

2−)
with As(III):

+ ↔ +3H Cys H AsO As(HCys) 3H O2 3 3 3 2 (5)

Our As and S speciation results also indicate that the formation
of As(III)−NOM complexes is favored by a high abundance of
reduced organic S (Table S4, Supporting Information) and
comparatively low As solution concentrations. Surface waters,
increasingly depleted in As during infiltration from the near-
surface peat layers downward, are likely more and more
undersaturated in As with respect to As sulfides, and therefore,
As(III) can be effectively sorbed by abundant sulfhydryl groups
of NOM. The similar distribution of organic S-coordinated As
in peat material featuring different degrees of decomposition
(Figure 3e,f vs. Figure 4b) supports a passive sorption
mechanism.37 This reasoning is buttressed by findings showing
that a direct uptake of As by plants would result in a localized
As enrichment in individual plant tissue (e.g., xylem, cellular
vacuoles, or vascular tissue) and does not always involve
sulfhydryl groups.23,50,51 Moreover, As concentrations in
various parts of plants collected at our sampling sites are too
low to explain the formation of As(III)−NOM complexes by
the uptake and intracellular detoxification of As by plants. The
above-ground biomass only contained 0.13−11.9 mg As kg−1

dry mass (mean: 2.5 mg kg−1, n = 15), whereas root As
concentrations, likely biased by high As contents of the peat at
sites B3 and B5, ranged from 0.17 to 78.5 mg As kg−1 dry mass
(mean: 15.6 mg kg−1, n = 8) (Table S7, Supporting
Information). Our μ-XAS/XRF study thus provides further
evidence for sorptive As(III)−NOM interactions under

conditions unfavorable for As sulfide precipitation and
therefore emphasizes the need to account for NOM as a
sorbent in geochemical equilibrium and transport models used
to assess the fate of As in reduced NOM-rich environments.
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